Abstract: Time-dependent expression of proteins in ovary is important to understand oogenesis in insects. Here, we profiled the proteomes of developing ovaries from Bactrocera dorsalis (Hendel) to obtain information about ovarian development with particular emphasis on differentially expressed proteins (DEPs) involved in oogenesis. A total of 4838 proteins were identified with an average peptide number of 8.15 and sequence coverage of 20.79%. Quantitative proteomic analysis showed that a total of 612 and 196 proteins were differentially expressed in developing and mature ovaries, respectively. Furthermore, 153, 196 and 59 potential target proteins were highly expressed in early, vitellogenic and mature ovaries and most tested DEPs had the similar trends consistent with the respective transcriptional profiles. These proteins were abundantly expressed in pre-vitellogenic and vitellogenic stages, including tropomyosin, vitellogenin, eukaryotic translation initiation factor, heat shock protein, importin protein, vitelline membrane protein, and chorion protein. Several hormone and signal pathway related proteins were also identified during ovarian development including piRNA, notch, insulin, juvenile, and ecdysone hormone signal pathways. This is the first report of a global ovary proteome of a tephritid fruit fly, and may contribute to understanding the complicate processes of ovarian development and exploring the potentially novel pest control targets.
Introduction
The oriental fruit fly, Bactrocera dorsalis (Hendel), is one of the most devastating agricultural pests worldwide due to its highly reproductive and invasive ability. Several factors that regulate the fecundity and mating behavior of B. dorsalis have been previously documented [1, 2] . However, due to the long-term and frequent applications of chemical insecticides, B. dorsalis has evolved high levels of resistance to many commonly used insecticides [3] [4] [5] . Insecticide resistance poses a serious threat to current control effort for B. dorsalis and other tephritid flies, and there is a great need for novel, environmentally safe, and efficient technologies that are integrated with conventional chemical control of the proteins were identified by more than 30 peptides. The average peptide number of all proteins identified was 8. 15 . The sequence coverage of specifically identified proteins was estimated as the percentage of matching amino acids between the identified peptides having more than 95% confidence divided by the total number of amino acids in the protein sequence. The sequence coverage of 1813 (37.47%) proteins was less than 10%, and that of 1120 (23.15%) was 10-20% ( Figure 2B ). The average coverage was 20.79%, in which 15.94% were identified to have more than 40% sequence coverage. proteins was estimated as the percentage of matching amino acids between the identified peptides having more than 95% confidence divided by the total number of amino acids in the protein sequence. The sequence coverage of 1813 (37.47%) proteins was less than 10%, and that of 1120 (23.15%) was 10-20% ( Figure 2B ). The average coverage was 20.79%, in which 15.94% were identified to have more than 40% sequence coverage. 
Functional Annotation of Proteins
Because of the accessibility of the B. dorsalis genomic information, all identified proteins were transferred to UniProt. Among these identified proteins, 3758, 2401, and 2468 proteins were functionally annotated in Gene ontology (GO) and Cluster of Orthologous Groups (COG) databases, as well as the Kyoto Encyclopedia of Gene and Genomes (KEGG) pathway analysis, respectively. Then, 3758 proteins were categorized into 48 hierarchically structured GO classification, including three ontologies named biological process, cellular component, and molecular function. In the biological process ontology, "cellular progress" and "metabolic progress" were the most dominant categories containing >2000 proteins ( Figure S1A ). Many proteins involved in reproduction were proteins was estimated as the percentage of matching amino acids between the identified peptides having more than 95% confidence divided by the total number of amino acids in the protein sequence. The sequence coverage of 1813 (37.47%) proteins was less than 10%, and that of 1120 (23.15%) was 10-20% ( Figure 2B ). The average coverage was 20.79%, in which 15.94% were identified to have more than 40% sequence coverage. 
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Because of the accessibility of the B. dorsalis genomic information, all identified proteins were transferred to UniProt. Among these identified proteins, 3758, 2401, and 2468 proteins were functionally annotated in Gene ontology (GO) and Cluster of Orthologous Groups (COG) databases, as well as the Kyoto Encyclopedia of Gene and Genomes (KEGG) pathway analysis, respectively. Then, 3758 proteins were categorized into 48 hierarchically structured GO classification, including three ontologies named biological process, cellular component, and molecular function. In the biological process ontology, "cellular progress" and "metabolic progress" were the most dominant categories containing >2000 proteins ( Figure S1A ). Many proteins involved in reproduction were identified in the biological process and included "reproduction", "reproductive process", and "viral reproduction". In the cellular component ontology, "cell" and "cell part" were the most predominant categories containing >2000 proteins ( Figure S1B ). However, in the molecular function ontology, the highly represented categories were "binding" and "catalytic activity," which contained >1600 proteins ( Figure S1C ). In the COG analysis, 2401 proteins were categorized into 24 COG classifications ( Figure S1D ). In addition to "general function prediction only," two categories of "posttranslational modification, protein turnover, chaperones" and "translation, ribosomal structure and biogenesis" were the most dominant categories, while the functions of 90 proteins were unknown. The pathway analysis by KEGG annotation showed that a total of 2468 proteins were mapped to 259 pathways in the KEGG database ( Figure S1E ). "Metabolic pathways" (687, 27.84%) and "biosynthesis of secondary metabolites" (236, 9.56%) were the largest two categories. There were 72 and 57 proteins assigned to "insulin signaling" and "oocyte meiosis" pathways respectively, that were functionally related with a specialized organ.
Differentially Expressed Proteins
In order to analyze the DEPs during the development of ovary, relative quantification of proteins was performed to analyze the abundance of proteins identified in three stages ( Figure 3) . Briefly, there were 612 DEPs abundant in "ov-1 vs. ov-6" comparison, 389 of which were highly expressed in ov-6 (Table S1 ), including chitinase-like proteins, heat shock proteins (Hsps), importin (Imp), eukaryotic translation initiation factors (eIFs), NADH dehydrogenases, piRNA pathway proteins, ribosomal proteins, and vitellogenins. Six chitinase-like proteins and three tropomyosins (Tpms) were down-regulated in ov-6. In the quantitative analysis of proteins, 104 and 92 DEPs were highly abundant in ov-9 and ov-6, respectively (Table S2) . Three chorion related proteins were highly abundant in the mature ovary, while there were seven ATP-dependent RNA helicases, four eIFs, four ribosomal proteins, and four piRNA pathway proteins that were down-regulated in the mature ovary. Upon comparison with ovary of 1-day-old adult, 294 out of 512 DEPs were highly expressed in ov-9 (Table S3) . Most of these DEPs (328) were also identified in the first quantitative comparison. identified in the biological process and included "reproduction", "reproductive process", and "viral reproduction". In the cellular component ontology, "cell" and "cell part" were the most predominant categories containing >2000 proteins ( Figure S1B ). However, in the molecular function ontology, the highly represented categories were "binding" and "catalytic activity," which contained >1600 proteins ( Figure S1C ). In the COG analysis, 2401 proteins were categorized into 24 COG classifications ( Figure S1D ). In addition to "general function prediction only," two categories of "posttranslational modification, protein turnover, chaperones" and "translation, ribosomal structure and biogenesis" were the most dominant categories, while the functions of 90 proteins were unknown. The pathway analysis by KEGG annotation showed that a total of 2468 proteins were mapped to 259 pathways in the KEGG database ( Figure S1E ). "Metabolic pathways" (687, 27.84%) and "biosynthesis of secondary metabolites" (236, 9.56%) were the largest two categories. There were 72 and 57 proteins assigned to "insulin signaling" and "oocyte meiosis" pathways respectively, that were functionally related with a specialized organ.
In order to analyze the DEPs during the development of ovary, relative quantification of proteins was performed to analyze the abundance of proteins identified in three stages ( Figure 3) . Briefly, there were 612 DEPs abundant in "ov-1 vs. ov-6" comparison, 389 of which were highly expressed in ov-6 (Table S1 ), including chitinase-like proteins, heat shock proteins (Hsps), importin (Imp), eukaryotic translation initiation factors (eIFs), NADH dehydrogenases, piRNA pathway proteins, ribosomal proteins, and vitellogenins. Six chitinase-like proteins and three tropomyosins (Tpms) were down-regulated in ov-6. In the quantitative analysis of proteins, 104 and 92 DEPs were highly abundant in ov-9 and ov-6, respectively (Table S2) . Three chorion related proteins were highly abundant in the mature ovary, while there were seven ATP-dependent RNA helicases, four eIFs, four ribosomal proteins, and four piRNA pathway proteins that were down-regulated in the mature ovary. Upon comparison with ovary of 1-day-old adult, 294 out of 512 DEPs were highly expressed in ov-9 (Table S3) . Most of these DEPs (328) were also identified in the first quantitative comparison. Venn diagrams of differentially expressed proteins between each of the developmental stages during ovary maturation of Bactrocera dorsalis. Circles are shown to scale but their overlaps are estimated in each diagram. Up and down mean the protein abundance in the later staged ovaries compared to the early staged ovaries. Number above the bar means the number of protein differentially expressed in two staged ovaries. Ov-1, ov-6 and ov-9 represent ovaries of 1-, 5-and 9-day-old adult of B. dorsalis. Different colors of blue, yellow and green represent the protein number of comparisons between ov-6 vs. ov-1, ov-9 vs. ov-6, and ov-9 vs. ov-1, respectively. Venn diagrams of differentially expressed proteins between each of the developmental stages during ovary maturation of Bactrocera dorsalis. Circles are shown to scale but their overlaps are estimated in each diagram. Up and down mean the protein abundance in the later staged ovaries compared to the early staged ovaries. Number above the bar means the number of protein differentially expressed in two staged ovaries. Ov-1, ov-6 and ov-9 represent ovaries of 1-, 5-and 9-day-old adult of B. dorsalis. Different colors of blue, yellow and green represent the protein number of comparisons between ov-6 vs. ov-1, ov-9 vs. ov-6, and ov-9 vs. ov-1, respectively.
All the DEPs between each comparison were functionally annotated as above. A total of 672 DEPs were functionally annotated into three ontologies by GO analysis (Figure 4) , among which 419, 170, and 407 DEPs were involved in the biological process. The highly expressed categories were "cellular process", "metabolic process", and "multicellular organismal process" ( Figure 4A ). There were 249 and 231 DEPs involved in "reproduction" and "reproductive process," respectively. Moreover, "cell", "cell part" and "organelle" were the predominant categories in cellular component ontology ( Figure 4B ). In the molecular function category, most DEPs were assigned to "binding" and "catalytic activity" ( Figure 4C ). A total of 450 DEPs from each comparison were aligned to 24 categories after COG annotation ( Figure 5) . Most of the up-regulated DEPs in "ov-6 vs. ov-1" comparison were involved in "translation, ribosomal stricture and biogenesis" (70 DEPs), "posttranslational modification, protein turnover, chaperones" (56 DEPs), "energy production and conversion" (18 DEPs) and "general function prediction only" (50 DEPs). In the identification analysis, the largest category was "general functional prediction only" as mentioned above, indicating strong biogenesis and metabolism towards protein synthesis in ov-6. Twenty-nine DEPs involved in "translation, ribosomal stricture and biogenesis" were down-regulated in the mature ovary implying their roles specific to the vitellogenic stage. All the DEPs between each comparison were functionally annotated as above. A total of 672 DEPs were functionally annotated into three ontologies by GO analysis (Figure 4) , among which 419, 170, and 407 DEPs were involved in the biological process. The highly expressed categories were "cellular process", "metabolic process", and "multicellular organismal process" ( Figure 4A ). There were 249 and 231 DEPs involved in "reproduction" and "reproductive process," respectively. Moreover, "cell", "cell part" and "organelle" were the predominant categories in cellular component ontology ( Figure 4B ). In the molecular function category, most DEPs were assigned to "binding" and "catalytic activity" ( Figure 4C ). A total of 450 DEPs from each comparison were aligned to 24 categories after COG annotation ( Figure 5) . Most of the up-regulated DEPs in "ov-6 vs. ov-1" comparison were involved in "translation, ribosomal stricture and biogenesis" (70 DEPs), "posttranslational modification, protein turnover, chaperones" (56 DEPs), "energy production and conversion" (18 DEPs) and "general function prediction only" (50 DEPs). In the identification analysis, the largest category was "general functional prediction only" as mentioned above, indicating strong biogenesis and metabolism towards protein synthesis in ov-6. Twenty-nine DEPs involved in "translation, ribosomal stricture and biogenesis" were down-regulated in the mature ovary implying their roles specific to the vitellogenic stage. 
DEPs Highly Abundant Ovary of 1-Day-Old Adult
A total of 153 DEPs were identified as highly abundant in ov-1 compared to later stages (Table  1) , including tropomyosins (Tpms), myosin regulatory light chain, chitinase-like protein, cytochrome P450 (P450 4g15), development-specific protein, general odorant-binding protein (GOBP99a), glutathione S-transferase (GSTo1), and larval cuticle protein. Eight of these DEPs were validated at the transcriptional level by qRT-PCR. All eight genes showed high expression in 1-day-old ovary, which is consistent with the protein abundance ( Figure 6 ). The high expression at both transcriptional and protein levels implied their crucial roles in the initial development of B. dorsalis ovary. Transcriptional expression of proteins highly abundant in early ovary of 1-day-old Bactrocera dorsalis adult. Gene expression in three time-point stages of ovary, 1-day, 6-day and 9-day, were determined by quantitative PCR. All relative expression was compared to that in ovary of 1-day-old adult. 
A total of 153 DEPs were identified as highly abundant in ov-1 compared to later stages (Table 1) , including tropomyosins (Tpms), myosin regulatory light chain, chitinase-like protein, cytochrome P450 (P450 4g15), development-specific protein, general odorant-binding protein (GOBP99a), glutathione S-transferase (GSTo1), and larval cuticle protein. Eight of these DEPs were validated at the transcriptional level by qRT-PCR. All eight genes showed high expression in 1-day-old ovary, which is consistent with the protein abundance ( Figure 6 ). The high expression at both transcriptional and protein levels implied their crucial roles in the initial development of B. dorsalis ovary. 
A total of 153 DEPs were identified as highly abundant in ov-1 compared to later stages (Table  1) , including tropomyosins (Tpms), myosin regulatory light chain, chitinase-like protein, cytochrome P450 (P450 4g15), development-specific protein, general odorant-binding protein (GOBP99a), glutathione S-transferase (GSTo1), and larval cuticle protein. Eight of these DEPs were validated at the transcriptional level by qRT-PCR. All eight genes showed high expression in 1-day-old ovary, which is consistent with the protein abundance ( Figure 6 ). The high expression at both transcriptional and protein levels implied their crucial roles in the initial development of B. dorsalis ovary. Transcriptional expression of proteins highly abundant in early ovary of 1-day-old Bactrocera dorsalis adult. Gene expression in three time-point stages of ovary, 1-day, 6-day and 9-day, were determined by quantitative PCR. All relative expression was compared to that in ovary of 1-day-old adult. Tpms are actin-binding cytoskeletal proteins, which play vital roles in various cellular processes including cytokinesis, cell migration, embryogenesis, and oocyte maturation [15, 16] . Several Tpms isoforms were found to be expressed in specific developmental patterns, correlating with the differentiation of embryonic stem cells and response to polarizing signals at early embryonic development in the mouse ovary [15, 17] . Tpm3 localizes in the cortex before metaphase II of the mouse oocyte, showing a role in asymmetric cell division and maintenance of cortical integrity [16] . In Drosophila, five Tpms are identified, and Tpm2 plays a role in oskar RNA localization in the posterior pole of oocytes resulting in the development of the abdomen and germ line [18] . Lack of Tpm2 affects head morphogenesis leading to death at the first instar stage [19] . In this study, three Tpms were identified, namely Tpm1 (A0A034VND6, A0A034VPE5) and Tpm2 (A0A034VR92), which showed high abundance in ov-1. The transcriptional expression of Tpm2 showed a consistent pattern with the proteomic data, indicating a similar role in oogenesis and ovarian development in B. dorsalis.
Dramatic change in the localization of cytoplasmic myosin (non-muscle) is a characteristic feature of early embryogenesis in D. melanogaster [20] . Maternal supply of myosin II is required for cytoplasmic transport during oogenesis [21] . Germ line cystoblasts lacking a functional light chain myosin II show severe defects in proliferation and cytokinesis. For instance, the cytoplasmic bridges linking the oocyte to the nurse cells in the egg chamber are abnormal during oogenesis [22, 23] . In addition, numerous myosin heavy chain accumulate in the light chain deficient cells. Similar to Drosophila, a non-muscle light chain myosin was identified as abundant in ov-1. The essential role of myosin II for rapid cytoplasmic transport during oogenesis was also investigated [21] . A myosin V is confirmed to regulate oskar mRNA localization in the Drosophila oocyte [24] , and an unconventional myosin VI, encoded by myosin heavy chain at 95F, is required for follicle cell epithelial development during egg chamber morphogenesis [25] . Both homologous myosin V (A0A034V675) and myosin VI (A0A034V7N4) were also identified to be highly abundant in ov-6.
There were many proteins that were highly abundant in the initial stage of B. dorsalis ovary including GOBP, GSTs, P450, development-specific protein, notch-like protein, serine/threonine protein kinase and its inhibitor (Serpin), and metalloproteases. It has been reported that chemosensory proteins are abundantly expressed in the female reproductive organ [26] , although their function in reproduction has been studied mostly in male insects [27] . Formation of notch signaling regulation, maintenance of the germ stem cell niche, and the role of cap cells in determining the niche size in the Drosophila ovary has been well studied [28, 29] . GSTs expressed in the reproductive organ have been identified in testis germ cells of male rats, and their activity increased after exposure to oxidative stress [30] . Transcriptional expression showed that one GST (Q86QQ0) was highly expressed in the early stage of ovary. Additionally, another detoxifying enzyme, P450, was also identified to be abundant in ov-1. The specific functions of these DEPs should be determined prior to their use for pest control. In addition, a development-specific protein (A0A034WL03), and SerpinB9 (A0A034VVP8) were abundantly present in ov-1, indicating their stage specific function in oogenesis. Interestingly, four larval cuticle proteins and three chitinase-like proteins were identified as abundant in ov-1, but their functions in ovarian development are not known. Twenty seven uncharacterized proteins were identified during the initial stage of ovary. These proteins likely play roles in cell differentiation during early ovarian development. A large number of proteins (48%) in newly formed ovaries were also not functionally identified in Metapenaeus ensis [31] . Further studies should focus on the early development of insect ovary.
DEPs Highly Abundant in Ovary of 6-Day-Old Adult
Among the DEPs, 389 were up-regulated during intermediate stages of ovary. Of these, 44 were down-regulated at mature ovary (Table 2) , including eIFs, Imps, ribosomal proteins, villin-like protein, as well as piRNA pathway related proteins. Additionally, 152 proteins highly abundant in ov-6 were also found to be highly expressed in ov-9 (Table S4) , such as vitelline membrane protein (Vm26Aa), vitellogenin (Vg1), GOBP99b, P450 306a1, Hsps (Hsp70, Hsp75, Hsp60, and Hsp23), 26S proteasome, and GST, etc. Transcriptional expressions of tested proteins differed from the protein expression ( Figure 7 ). Three out of six DEPs abundant in ov-6 were highly expressed in the mature ovary with only one DEP (prolyl 4-hydroxylase α2) highly expressed in ov-6 at transcriptional levels. Two out of six DEPs abundant in both vitellogenic and mature ovaries were highly expressed in ov-6, namely Vm26Aa and GOBP99b; two DEPs were highly expressed in mature ovary at the transcriptional level; and two DEPs had the same expression patterns. ovary with only one DEP (prolyl 4-hydroxylase α2) highly expressed in ov-6 at transcriptional levels. Two out of six DEPs abundant in both vitellogenic and mature ovaries were highly expressed in ov-6, namely Vm26Aa and GOBP99b; two DEPs were highly expressed in mature ovary at the transcriptional level; and two DEPs had the same expression patterns. In Drosophila, there are three Piwi proteins termed Aubergine, Piwi, and Argonaute-3 in distinct piRNA pathways with different functions in ovarian germ and somatic cells development [32] . Two interrelated branches of the piRNA system have been reported: somatic cells that support oogenesis only employ Piwi, whereas germ cells utilize a more elaborate pathway centered on the three gonadspecific Argonaute proteins [32, 33] . Piwi protein regulates both niche and intrinsic mechanisms to maintain germline stem cells during oogenesis in Drosophila [34] . Also, Tudor protein in Drosophila is a component of two types of germ granules: nuage, which is assembled during ovary development; and polar granule, which forms at the posterior cytoplasm of the oocyte and is maintained in early embryo [35] . A novel role was recently reported for Tudor domains in the Tudor-Aubergine protein complex assembly and distribution during Drosophila oogenesis [36] . It has also been demonstrated that some of the Piwi proteins are necessary for very early stages of oogenesis within the germarium [37] . The complex regulation of piRNA pathway on oogenesis is clear in Drosophila, showing a potential use in pest control by regulating reproduction. A piwi-like protein and two tudor-domaincontaining proteins were identified to be highly expressed in ov-6 likely due to their regulation in oocyte maturation. In Drosophila, there are three Piwi proteins termed Aubergine, Piwi, and Argonaute-3 in distinct piRNA pathways with different functions in ovarian germ and somatic cells development [32] . Two interrelated branches of the piRNA system have been reported: somatic cells that support oogenesis only employ Piwi, whereas germ cells utilize a more elaborate pathway centered on the three gonad-specific Argonaute proteins [32, 33] . Piwi protein regulates both niche and intrinsic mechanisms to maintain germline stem cells during oogenesis in Drosophila [34] . Also, Tudor protein in Drosophila is a component of two types of germ granules: nuage, which is assembled during ovary development; and polar granule, which forms at the posterior cytoplasm of the oocyte and is maintained in early embryo [35] . A novel role was recently reported for Tudor domains in the Tudor-Aubergine protein complex assembly and distribution during Drosophila oogenesis [36] . It has also been demonstrated that some of the Piwi proteins are necessary for very early stages of oogenesis within the germarium [37] . The complex regulation of piRNA pathway on oogenesis is clear in Drosophila, showing a potential use in pest control by regulating reproduction. A piwi-like protein and two tudor-domain-containing proteins were identified to be highly expressed in ov-6 likely due to their regulation in oocyte maturation. In this study, seven eIFs were identified to be highly abundant in the late stage, indicating their potential roles in ovarian development. Generally, translational repression of mRNAs in the eggs of various insects have been confirmed by interactions, either direct or via intermediate proteins, of repressive factors bound to the 3 -UTRs of proteins in the eIF4E family bound to the 5 -cap of transcripts [38] . In mouse oocyte, a oocyte-specific eIF4E is highly expressed in fully grown oocytes [39] . Insects also rely on the regulated translation of select maternal mRNAs to control oocyte maturation and the initial stages of embryogenesis. These transcripts usually remain silent until their translations are temporally and spatially required during early development. Increasing evidence suggests that eIF4E interacts with cell-specific molecules to control translation during oogenesis and early development in insects [40] . In Drosophila, the Cup protein directly associated with eIF4E is known to be crucial for diverse aspects of female germ-line development [41] . A reduction in eIF4E activity deteriorates the development of ovaries [42] . Only one of these seven eIFs (eIF3C) were transcriptionally validated by qRT-PCR and was shown to have a pattern that differed from protein profiles in the proteomics data.
In the present study, four Hsps were identified at low amounts in newly emerged ovaries, indicating their likely function in oogenesis during ovary maturation in B. dorsalis. A follicle cell specific Hsp83 was identified in mature ovaries of Tribolium castaneum [43] . Moreover, Hsp83 has been reported to function as a component of cap-binding complex and to interact with eIF4E in regulating oogenesis at early stages of egg chamber development during oogenesis in Drosophila [44] . Hsps in the reproductive organs were also reported in testis of B. dorsalis, such as Hsp70s and Hsp90s [8] . In addition, a small Hsp (sHsp27) was identified as highly expressed in germline nurse cells throughout oocyte development at the late stages of oogenesis in Drosophila [45] . Stage and cell-specific expression of sHsp27 was recently identified to be differentially expressed and to be located in the ovary during oogenesis of Ceratitis capitata [46] . In B. mori, six sHsps were identified to be highly expressed in the ovary [47] . In this study, one Hsp (Hsp60, I1SWI8) was evaluated at the transcriptional level, which showed increased abundance during ovary development (Figure 7) .
The intracellular localization of the 26S proteasome in the different ovarian cell types of D. melanogaster has been well-studied. During the pre-vitellogenic phase of oogenesis in Drosophila, cytoplasmic 26S proteasome is observed in the nurse cells and follicular epithelial cells. However, a characteristic subcellular redistribution occurs in the ovarian cells during the vitellogenic phase of oogenesis, indicating a strictly tissue-and developmental stage-specific distribution [48] . Here, we identified four 26S proteasome non-ATPase regulatory subunits that were highly abundant in the vitellogenic stages. Their high accumulation in the oocyte was also reported in D. melanogaster [49] . However, their mechanism of regulation in the oocyte remains unknown. It was not surprising that Vg was identified as highly abundant in ov-6 and ov-9 ovaries. In insects, Vg is synthesized in the fat body in a process that involves substantial structural modifications of the nascent protein prior to its secretion and transport to the ovary [50] . It has been reported that Vgs of B. dorsalis are also expressed in the ovary, indicating a complementary Vg function in ovarian development [51] . In this study, a Vg was identified as abundant in the late ovary, as well as the Vg receptor (S4TMC4).
DEPs Highly Abundant in Ovary of 9-Day-Old Adult
A total of 59 DEPs were highly abundant in the mature ovary (Table 3) , among which 17 DEPs were increasingly abundant during the ovarian development. These included defective chorion-1 protein, chorion peroxidase, Impα, Impβ, nuclear pore complex protein (Nup205), tripeptidyl-peptidase 2, and GST. Other proteins were also identified as highly abundant in mature ovary and include chorion protein S36, myotubularin-related protein, juvenile hormone epoxide hydrolase (JHEH1), and insulin receptor. Most of these DEPs may function in oocyte maturation. Six DEPs showed a similar increasing gene expression pattern along with an increase in the protein levels, while only one DEP (chorion protein s36) out of six DEPs abundant in ov-9 showed a consistent transcriptional expression specifically in ov-9. The remaining five of the tested proteins had increasing expression patterns (Figure 8 ). Figure 8 . Transcriptional expression of proteins highly abundant in ovary of 9-day-old Bactrocera dorsalis adult. Gene expression was calculated as Figure 6 .
Impβ was originally described to participate in the import of proteins that carry a classical nuclear localization signal (NLS) into the nucleus, a key player in nuclear protein import [52] . Nurse cells synthesize and transfer Impβ into the oocyte cytoplasm from late stage of oogenesis in D. melanogaster, and Impβ gene appears to be ubiquitously expressed in embryonic cells [53] . Impβ interacts with the nuclear pore complex (NPC), NLS dependent protein and also Impα forming a trimeric complex. Thus, Imp plays a role in oogenesis in association with Impβ. It has been demonstrated that the concentration of Impα3 within the nurse cell nuclei increases during stages 7-10 (vitellogenic stage) of oogenesis, and plays a crucial role in the completion of oogenesis [54] . Impα2 protein is uniformly distributed in the nurse cell cytoplasm with a moderate accumulation along the oocyte cortex [55] . Indeed, there are three Impα with a specific and limited expression profiles in D. melanogaster spermatogenesis, but they play different roles in oogenesis [56] . Homologous Impα and Impβ were both identified as the most abundant in the mature ovaries of B. dorsalis. Consistent transcriptional expression indicated their crucial roles in oocyte maturation. The Impα defect in female Drosophila causes sterility and leads to the arrest of oogenesis in late stage [54, 56, 57] . The roles of Imps in the development of both larval and adult tissues were also uncovered, suggesting a potential for their use in pest control. However, their functions and mechanisms of regulation during oogenesis should be well addressed in B. dorsalis. In addition, four NPCs were also identified as abundant in ov-6 while another NPC was more abundant in ov-9. Besides, we also identified three Imp (Imp4, -5, -7) that were highly expressed during the vitellogenic development. Imp7 is distantly related to the proteins of Impβ family, and is required for the proper formation of muscle-tendon adhesion sites in developing Drosophila embryos [58] . The high expressions of Imp4 and Imp5 were also determined by qRT-PCR, indicating their important roles in oocyte development (Figure 7) .
The eggshell, including Vmps and chorion proteins, is a specialized extracellular matrix that is synthesized between the oocyte and overlaying somatic follicle cells during the late stages of oogenesis. As follicles mature, they move through the ovarioles and undergo successively vitellogenesis and choriogenesis (eggshell formation). In insects such as Drosophila and Bombyx, Vmp is synthesized by and secreted from the cells of the follicular epithelium [59] . In Drosophila, eggshell constituents are synthesized in the follicle cells at the beginning of the vitellogenic stage (stage 8) in a well-defined spatial and temporal pattern reflecting their contribution to the eggshell. Vmp gene is expressed earlier than chorion gene, which begins at late stage (stage 11) and proceeds until the end Impβ was originally described to participate in the import of proteins that carry a classical nuclear localization signal (NLS) into the nucleus, a key player in nuclear protein import [52] . Nurse cells synthesize and transfer Impβ into the oocyte cytoplasm from late stage of oogenesis in D. melanogaster, and Impβ gene appears to be ubiquitously expressed in embryonic cells [53] . Impβ interacts with the nuclear pore complex (NPC), NLS dependent protein and also Impα forming a trimeric complex. Thus, Impα plays a role in oogenesis in association with Impβ. It has been demonstrated that the concentration of Impα3 within the nurse cell nuclei increases during stages 7-10 (vitellogenic stage) of oogenesis, and plays a crucial role in the completion of oogenesis [54] . Impα2 protein is uniformly distributed in the nurse cell cytoplasm with a moderate accumulation along the oocyte cortex [55] . Indeed, there are three Impα with a specific and limited expression profiles in D. melanogaster spermatogenesis, but they play different roles in oogenesis [56] . Homologous Impα and Impβ were both identified as the most abundant in the mature ovaries of B. dorsalis. Consistent transcriptional expression indicated their crucial roles in oocyte maturation. The Impα defect in female Drosophila causes sterility and leads to the arrest of oogenesis in late stage [54, 56, 57] . The roles of Imps in the development of both larval and adult tissues were also uncovered, suggesting a potential for their use in pest control. However, their functions and mechanisms of regulation during oogenesis should be well addressed in B. dorsalis. In addition, four NPCs were also identified as abundant in ov-6 while another NPC was more abundant in ov-9. Besides, we also identified three Imp (Imp4, -5, -7) that were highly expressed during the vitellogenic development. Imp7 is distantly related to the proteins of Impβ family, and is required for the proper formation of muscle-tendon adhesion sites in developing Drosophila embryos [58] . The high expressions of Imp4 and Imp5 were also determined by qRT-PCR, indicating their important roles in oocyte development (Figure 7) .
The eggshell, including Vmps and chorion proteins, is a specialized extracellular matrix that is synthesized between the oocyte and overlaying somatic follicle cells during the late stages of oogenesis. As follicles mature, they move through the ovarioles and undergo successively vitellogenesis and choriogenesis (eggshell formation). In insects such as Drosophila and Bombyx, Vmp is synthesized by and secreted from the cells of the follicular epithelium [59] . In Drosophila, eggshell constituents are synthesized in the follicle cells at the beginning of the vitellogenic stage (stage 8) in a well-defined spatial and temporal pattern reflecting their contribution to the eggshell. Vmp gene is expressed earlier than chorion gene, which begins at late stage (stage 11) and proceeds until the end of oogenesis [60] . In B. mori, mutation of Vmp is investigated in the egg-lethal phenotype [61] . Another Vmp (Vmp90) is identified to play an essential role in the developing ovarian follicle [62] . In the present study, Vmp26Aa identified in ov-6 was found to be considerably abundant until the mature stage. This protein also showed higher transcriptional expression in ov-6 ( Figure 7) . Similar to Drosophila, high abundance of chorion and chorion peroxidase were also investigated in mature ovary at both transcriptional and protein levels (Figure 8 ). In addition to the component of eggshell, an ovarian follicular epithelium protein was identified to be expressed exclusively in the cells during specific stages of vitellogenesis and functionally associated with vitelline membrane that contributes to the structural integrity of the follicle [63] . Chorion is produced during the late stages of oogenesis by epithelial follicle cells and develops into a highly organized multi-layered structure that exhibits regional specialization and radial complexity. In this study, a chorion s36 was identified as highly abundant in the mature ovary. In Drosophila, a homologous protein plays a crucial role in regulating the morphogenetic integrity of dorsal appendages in follicles inducing severe structural irregularities on chorion's surface and entirely impairing fly's fertility [64] . Moreover, a chorion peroxidase was also found to be abundant in mature ovary. This specific peroxidase is also identified in D. melanogaster and B. oleae, and is reported to be involved in the chorion hardening process through protein crosslinking mediated by the formation of di-and tri-tyrosine bonds [65, 66] .
Ovarian development is triggered by the steroid hormone, 20-hydroxy-ecdysone, which plays key role in Drosophila oogenesis, as its activity is required at multiple steps during egg chamber maturation [67] . Recently, its involvement has been reported on eggshell production by controlling chorion gene transcription and amplification [68] . A Halloween gene cytochrome, P450 306a1 (Phantom), was identified abundant in the vitellogenic stage of oogenesis in B. dorsalis. Transcriptional data also showed its high expression. A JHEH1 was also found to be highly expressed in the vitellogenic stage in this study, revealing a complementary regulation during ovarian development. Similarly, insulin receptor was found to be abundant in mature ovary. It was previously reported that insulin plays a role in ovarian development in B. dorsalis [69] . It is well known that in Blattella germanica, insulin receptor regulates juvenile hormone biosynthesis and vitellogenin production through nutritional signals [70] . In addition, regulation of notch signal pathway in follicle formation was investigated in mouse ovary [71] . Proteins involved in these pathways were also identified to be abundant in the ovary development of B. dorsalis.
Materials and Methods

Insects Culture
The stock flies were originally collected from Hainan Province of China in 2008. All insects were maintained at 27.5 ± 0.5 • C, 75 ± 5% relative humidity, and a 14:10 h (light: dark) photoperiod as described previously [4] . Under these conditions, the flies grew well and adults reached sexual maturity at 8-9 days after emergency [2] . Newly emerged female adults were separated immediately and ovaries were dissected from 1-, 3-, 5-, 7-, 9-day-old virgin females for image capture (Leica Microsystems, Wetzlar, Germany). Because of the differences in ovarian development, only ovaries of 6-day-old adults that appeared similar to the graphics between Figure 1C to Figure 1D were collected. All samples were stored as −80 • C before isolating the proteins. Two biological replicates were prepared for each sample.
Protein Extraction
All samples were powdered in liquid nitrogen and the powder was dissolved in 200 µL lysis buffer (pH = 8.3) containing 7 M urea, 2 M thiourea, and 20 mM Tris. Then, 800 µL of cold acetone containing 10 mM DTT was added and the mixture was incubated for 2 h and centrifuged at 13,000 rpm for 20 min at 15 • C, and the supernatants were discarded. Then, 800 µL of cold acetone containing 10 mM DTT was added and the mixture was incubated at 56 • C for 1 h to break the disulfide bonds in proteins followed by centrifugation as above. The precipitate was dissolved in 100 µL of lysis buffer and the protein concentration in the solute was determined by using the Bradford method with bovine serum albumin as a standard [72] .
Sample Digestion and Labeling
The extracted protein (100 µg) was first diluted in 100 µL dissolution buffer. Then, 2 µg of trypsin (Promega, Madison, WI, USA) was added and the mixture was diluted with 500 µL NH 4 HCO 3 (50 mM) and incubated for 16 h at 37 • C for protein digestion. After protein digestion, equal volume of 0.1% formic acid was added for acidulation. Peptides were purified on Strata -X C18 pillar, which was activated with methanol and then balanced with 1 mL of 0.1% formic acid three times. Then, the peptides were washed with 0.1% formic acid +5% acetonitrile twice and eluted with 1 mL of 0.1% formic acid +80% acetonitrile. Eluted peptides were vacuum dried (ThermoFisher Scientific, Asheville, NC, USA) and the dried peptides powder was dissolved in 20 µL of 0.5 M tetraethylammonium bromide (TEAB) for peptide labeling. Samples were labeled with the iTRAQ Reagent-8 plex Multiplex Kit (AB Sciex, Framingham, MA, USA) according to the manufacturer's instructions. Six samples were labeled with different iTRAQ tags: 113 and 114 for ov-1, 115 and 116 for ov-6, and 117 and 118 for ov-9. Equal amounts of the labeled samples were pooled together and then fractionated using high-performance liquid chromatography (HPLC) (Thermo Scientific DINOEX Ultimate 3000 BioRS, Waltham, MA, USA) using a Durashell C18 (5 µm, 100 Å, 4.6 × 250 mm). Finally, 12 fractions were collected.
LC-MS/MS Analysis
LC-MS/MS analysis was performed on an AB SCIEX nanoLC-MS/MS system (Triple TOF 5600 plus, Framingham, MA, USA). Samples were chromatographed on a 120-min gradient from 2-35% (buffer A 0.1% formic acid, 5% acetonitrile, buffer B 0.1% formic acid, 95% acetonitrile) after direct injection onto a 20 cm PicoFrit emitter (New Objective) packed to 20 cm with Magic C18 with an inner diameter of 3 µm at 200 Å stationary phase. MS1 spectra were collected in the range of 360-1460 m/z for 250 ms. The 20 most intense precursors with charge state 2-5 were selected for fragmentation, and MS2 spectra were collected in the range of 50-2000 m/z for 100 ms; precursor ions were excluded from reselection for 15 s.
Protein Identification and Functional Annotation
The original MS/MS file data were submitted to the ProteinPilot Software (AB SCIEX, version 4.0) for data analysis. For protein identification, the Paragon algorithm, which was integrated into ProteinPilot was employed against uniprot database for database searching [73] . Cysteine was modified with iodoacetamide; biological modifications were selected as ID focus, trypsin digestion, the Quantitate, Bias Correction, and Background Correction was checked for protein quantification and normalization. Only proteins with more than one peptides and unused value ≥1.3 were considered for identification.
To determine the biological and functional properties, all the identified proteins were mapped with Gene Ontology Terms (available online: http://geneontology.org/). For this, homology search was first performed for all the identified proteins with a localized NCBI BlastP program against the UniProt database of B. dorsalis species. The e-value was set to less than 10 −5 , and the best hit for each query sequence was taken into account for GO term matching, which was performed with blast2go v4.5 pipeline [74] . Clusters of Orthologous Groups of Proteins System (COG, available online: http://www. ncbi.nlm.nih.gov/COG/) was employed for the functional annotation of genes from new genomes and for research on genome evolution. To identify candidate biomarkers, we employed hypergeometric test to perform GO enrichment and Pathway enrichment. The GO and COG assignment were also performed within the DEPs in this study.
Protein Quantitative Analysis
DEPs were determined based on the ratios of differently labeled proteins and P values provided by Proteinpilot. Fold change was calculated as the average comparison pairs among biological replicates. We set restrictive conditions to find the potential proteins involved in the ovarian development in this study. Only the proteins with expression fold changes ≥1.5-or ≤0.67-fold between all the comparisons of biological replicates, as well as P value of all the differences between protein abundance comparisons <0.05 were identified as DEPs. All the DEPs between each comparison were functionally annotated as above. In order to screen for potential target proteins involved in the pre-vitellogenic and vitellogenic stages, proteins highly abundant in each independent stage were thereafter functionally classified.
RNA Extraction and RT-qPCR Analysis
To examine the transcriptional expression of potential functional proteins with high expression in each staged ovary, total RNA from ov-1, ov-6, and ov-9 with the similar morphological ovaries were isolated using TRIZoL reagent (Invitrogen, Carlsbad, CA, USA) following the manufacturer's instructions. First-strand cDNA was obtained from DNase I-treated RNA (~1 µg) using a PrimeScript 1st Strand cDNA Synthesis Kit (Takara, Dalian, China). Some DEPs highly expressed in ov-1, ov-6, and ov-9 were randomly selected for qRT-PCR analysis. PCR primers for each DEP were designed using an online tool, Primer 3, based on the corresponding nucleotide sequences in NCBI. For control purposes, a fragment of α-tubulin open reading frame was also amplified using gene specific primers [75] . All PCR primers used in the research presented here were list in Table S5 . Each reaction consisted of a 10 µL volume containing 0.5 µL of cDNA template, 5 µL of GoTaq qPCR Master Mix (Promega, Madison, WI, USA), 0.5 µL of each primer (10 µM) and 3.5 µL of nuclease-free water. The reaction conditions and calculation of gene expression were essentially as described before [9] .
Conclusions
In conclusion, a total of 4838 proteins were identified in B. dorsalis ovaries. Among these, 612 and 196 proteins were differentially expressed in vitellogenic and mature ovaries, respectively. Together, we identified 153, 44, and 59 proteins to be highly abundant in 1-, 6-and 9-day-old ovaries, respectively. Many DEPs were transcriptionally validated and showed consistent profiles at both transcriptional and translational levels. Many potential target proteins that were highly expressed in the three ovarian stages, including tropomyosin, vitellogenin, eukaryotic translation initiation factor, importin protein, vitelline membrane protein, and chorion protein. Some hormone and signal pathway related proteins were also identified during ovarian development, such as piRNA, notch, insulin, juvenile and ecdysone hormone signal pathways. This is the first report of a global proteome in a tephritid ovary and contributes to our understanding of the complicated processes of ovarian development in insects. These results will also aid in the identification of novel target proteins for improving strategies to control tephritid fruit flies.
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